Figure 1. Identification of SasA as a KaiC-Interacting Factor
To test its function, we inactivated the sasA gene in a At the higher light intensity (50 E m Ϫ2 s Ϫ1 ), amplitudes were produced in E. coli and purified by affinity chromatography with glutathione Sepharose 4B resin. The fusion proteins (about 5 g each) were eluted from the resin and fractionated by SDS-PAGE on 10%-15% gradient gels, then stained with Coomassie brilliant blue (CBB). each) were immobilized on glutathione Sepharose 4B and then in-(D) In vitro binding assay. GST, GST-KaiA, -KaiB, -KaiC, and -SasA cubated with 3 l of the reticulocyte reaction mixture containing (2 g each) were immobilized on glutathione Sepharose 4B and then 35 S-labeled intact KaiC, CI domain, CII domain, or KaiA. Proteins incubated with 2 l of the reticulocyte reaction mixture containing associated with the resin were detected by SDS-PAGE on 10% gels 35 S-labeled SasA. Proteins associated with the resin were detected followed by autoradiography. Residues L11 and R76 in KaiB, whose by SDS-PAGE on 12% gels followed by autoradiography.
mutations alter circadian periods, and the corresponding L19 and (E) In vitro binding assay. GST, GST-SasA, and -SasA(1-97) (5 g R80 in SasA, respectively, are reversed. of expression rhythms driven from both kaiA and kaiBC Reduced amplitude of bioluminescence rhythms could be caused by availability of reduced flavin mononucleopromoters (P kaiA and P kaiBC , respectively) were dramatically reduced and damped out to be arrhythmic within tide, a bacterial luciferase substrate. Thus, we also monitored expression patterns from a P kaiBC gene fusion to a few days (Figure 2A) . Moreover, the magnitude of P kaiA and P kaiBC activity were lowered in the sasA disruptant the firefly luciferase gene, luc, which has different substrate requirements from the bacterial luciferase. Choice cells to 40%-60% and 5%-10% of the peak levels, respectively.
of reporter enzyme made no difference in the circadian phenotype of our wild-type or sasA-inactivated strains At the lower light intensity (15 E m Ϫ2 s Ϫ1 ), the residual rhythmicity was more robust than at 50 E m Ϫ2 s Ϫ1 (Fig-(data not shown) . ure 2B). Disruption of sasA shortened the period length of the P kaiBC expression rhythm by 3 hr (23.0 Ϯ 0.3 hr Attenuation of kaiBC Expression Rhythm by Mutation in the Putative Autophosphorylation Site of SasA versus 25.8 Ϯ 0.1 hr, n ϭ 3). Both the magnitude of expression and the amplitude of the P kaiBC rhythm were To examine whether histidine kinase function of SasA is involved in circadian kaiBC expression, we substistill diminished by inactivation of sasA ( Figure 2B ), but the magnitude of expression from both P kaiA and P psbAI tuted the conserved histidine at residue 162 (H162) (Figure 1A) , a putative autophosphorylation site expected was less affected.
In Synechococcus, expression of most or all genes to be essential for phosphoryl transfer activity, with glutamine (H162Q). As shown in Figure 2C , H162Q mutation is controlled by the circadian clock (Liu et al., 1995). Monitoring a larger set of reporter strains under low dramatically reduced kaiBC promoter activity and lowered amplitude of the rhythm, as did disruption of sasA. intensity LL revealed at least two classes of altered gene expression patterns in a sasA null background ( Figure  Thus, Figure 3A ). In the other class, histidine kinase subfamily, we measured bioluminescence from a P kaiBC reporter strain that lacked both sphS which includes luxAB fusions to the rpoD2 and ndhD genes (Tsinoremas et al., 1996), sasA inactivation altered and its cognate response regulator, sphR . The sphS/sphR disruptant exhibited wild-type period, amplitude, or phase angle of the circadian expression rhythms ( Figure 3B ). Both phase angle and bioluminescence expression rhythms ( Figure 2B , blue line). Therefore, although SasA and SphS behave simiamplitude of the rpoD2 expression rhythm were affected by inactivation of sasA, whereas the expression pattern larly in a heterologous complementation assay that is fairly nonspecific for sensor kinase function, only SasA from the ndhD::luxAB fusion retained little rhythmicity after sasA inactivation ( Figure 3B) . has a role in circadian control in Synechococcus.
of the circadian timing mechanism (Figures 2 and 3) . We examined the accumulation levels of kai mRNAs in an sasA strain by Northern (RNA) blot analysis. In wildtype cells, robust circadian rhythms of kaiA and kaiBC mRNA levels were observed under standard LL conditions (Ishiura et al., 1998) ( Figure 4A ). By contrast, no circadian fluctuations in these mRNA levels were evident in the sasA disruptant ( Figure 4A ). The levels of kaiBC and kaiA mRNAs were lowered in the mutant to 5%-15% and 40%-70%, respectively of those in wild-type cells at peak, correlating well with the bioluminescence profiles shown in Figure 2A . Figure 4B and data not shown). As Although unstable, the circadian clock in the sasA-disis the case for other clock-controlled genes in Synechorupted strain is still entrainable by a 12 hr dark treatment coccus, the kai genes were required for rhythmic sasA (Figures 2A, 2B , and 3). To test whether a nonphotic gene expression (data not shown). However, disruption zeitgeber (entrainment signal) is able to synchronize the of the kai genes did not affect the magnitude of the sasA circadian oscillator in the sasA-inactivated strain, we promoter activity (data not shown) nor SasA abundance assayed P kaiBC in wild-type and sasA backgrounds after ( Figure 4B ). a 12 hr exposure to high temperature. As shown in Figure  Because the KaiC-interacting portion of SasA is simi-2D (red and purple lines), a 12 hr high temperature treatlar to KaiB, the two proteins may compete for binding ment (37ЊC) synchronized the Synechococcus clock to to KaiC, and their relative ratios or affinities at different circadian time 12 (CT 12), which is subjective dusk, in times of day could be important for their clock-related both strains. Thus, sasA is not essential to reset the functions. To test whether KaiC and SasA/KaiB can be circadian clock by light or temperature. However, note found in the same protein complex in vivo, we performed that a 12 hr temperature step-up, concurrent with a 12 coimmunoprecipitation assays. Synechococcus lysates hr dark treatment still failed to recover robust rhythmicity prepared from wild-type and kaiABC-deficient strains in the sasA-disrupted strain ( Figure 2D ). Thus, attenuwere separately immunoprecipitated with anti-KaiC anated circadian rhythmicity in this strain cannot be attribtiserum, and the immunoprecipitated materials were uted to a defect in a light-specific signal transduction blotted and probed with either anti-SasA or anti-KaiB pathway to the clock. ). In addiAfter one cycle, kaiBC expression became arrythmic with low bioluminescence levels ( Figure 5A ). Note that tion, the sasA-disrupted strain in 12L12D (60 E m Ϫ2 s Ϫ1 ) appears to form colonies slower than it does in dim the subsequent circadian cycle after IPTG treatment was somewhat phase advanced relative to the unin-LL (6 E m Ϫ2 s Ϫ1 ), whereas wild-type cells grew faster in 12L12D (60 E m Ϫ2 s Ϫ1 ) than in dim LL. Thus, slower duced control cycle. Loss of P kaiBC activity after the subsequent cycle suggests that SasA has some role in neggrowth under LD cycles in the absence of SasA reflects a defect in adapting to light/dark transitions rather than ative regulation of kai gene expression as well as positive control of it (see Discussion).
by a simple difference in the quantity of light irradiation each day. Cells lacking both the sphS and sphR genes In addition, we examined the effect of temporal overexpression of sasA on the phase angle of the expression grew at similar rates to the wild-type strain in both LL and LD ( Figure 6B ). In addition, the sasA-deficient cells rhythm from P kaiBC by 6 hr administration of IPTG ( Figures  5B and 5C ). Transient elevation of sasA expression degrew normally in LL at 6 or 60 E m Ϫ2 s Ϫ1 under a temperature cycling regime (12 hr at 37ЊC and 12 hr at layed oscillation when native kaiBC mRNA levels were increasing (from midsubjective day to midsubjective 30ЊC or 12 hr at 30ЊC and 12 hr at 25ЊC) ( Figure 6B and data not shown). These results suggest a role for SasA night, hours 24 to 30 and 30 to 36 in LL) and advanced the oscillation when these levels were decreasing (from in adapting the cell's metabolism specifically to natural light and dark transitions rather than in setting the circamidsubjective night to midsubjective day, hours 36 to 42). Based on Western blot analysis, our 6 hr administradian clock. It should be noted that the abnormal circadian phenotion of IPTG during hours 30 to 46 increased SasA protein levels 4-to 5-fold over endogenous levels (data types observed in sasA-inactivated strains (Figures 2-4 ) cannot be attributed simply to a growth abnormality. not shown). This significant phase shifting by increased levels of SasA further suggests a close association of This follows from two observations. First, the slow growth phenotype was not observed in the sasA null this protein with normal circadian clock function (see Discussion).
strains under LL conditions after the single 12 hr dark growth to LD cycles. This is the first report of a twocomponent system signaling molecule that is intimately involved in circadian timing.
SasA as a Circadian Amplifier for Robust Rhythmicity
We conclude that SasA is necessary to maintain robust circadian oscillations in Synechococcus. This may arise through enhancement of transcription of the kaiBC genes, suggested to be a "state variable" of the cyanobacterial oscillator (Ishiura et al., 1998) . The following data from our sasA null strains support this initial conclusion: (1) both promoter activities and kai mRNA levels, especially those from the kaiBC operon, were greatly reduced; (2) the average levels of expression of genes other than kaiBC were much less affected; (3) accumulation levels of the KaiB and KaiC proteins were reduced, whereas that of KaiA was less affected; (4) the amplitude and period of the circadian expression of all clock-controlled genes tested were evidently altered-in some cases, expression patterns were completely arhythmic.
It is important to note that the sasA-disrupted strain did not completely lose rhythmicity, whereas rhythmicity is completely abolished by disruption of any kai gene (Ishiura et al., 1998) . However, the rhythms in the sasA null strain appear too weak to function as a global, temporal coordinator of cellular metabolism. Also, in spite of severe reduction of kaiBC expression (less than 10% pression (Ishiura et al., 1998). Phase shifting patterns after pulsed sasA overexpression were also different from those created by kaiC temporal overexpression. period used to entrain the clock (data not shown). In These results not only support a close association beaddition, expression levels from P kaiBC were greatly retween SasA function and the central oscillatory mechaduced in the sasA inactivated strains even in the abnism, but also provide both functional differences besence of any light to dark cues ( Figure 6B) . Figure 1) tion and phospho-transfer activities at the beginning of (Iwasaki et al., 1999) . Surprisingly, KaiB and SasA do not bind to each other in our assays. a phosphoryl-relay system that terminates by modifying function of a DNA-binding, transcription-regulating, reBased on these considerations and data described in this paper, we propose a model for SasA-mediated sponse regulator. Thus, SasA-mediated phosphoryl relay would, by necessity, include at least one additional modulation of the kaiBC expression ( Figure 7A ). In this model, both SasA and KaiC can be positive and negative component-the SasA cognate response regulator. Considering the negative effects of sasA gene inactivaelements in feedback control of kai gene expression. During subjective day, total KaiC level is relatively low, tion on expression levels from the kaiBC promoter (Figures 2 and 4) , this response regulator may function to but considerable amounts of KaiC:SasA complex exist in the cell ( Figure 4B ). This complex functions as a positive activate kaiBC gene transcription. The role for this postulated response regulator in the Synechococcus circaelement, possibly through stimulating SasA autophosphorylation, and thereby activating a SasA-coupled redian oscillator would thus be comparable to those described for PAS-containing transcription factors, the sponse regulator that directly or indirectly enhances kaiBC expression ( Figure 7A, left) . A positive function dClock/Cycle (dBmal1) and CLOCK /BMAL1 proteins in Drosophila and mammals, and the WC-1 and WC-2 of KaiC for kaiBC expression has been suggested by our previous observation that P kaiBC activity is somewhat proteins in Neurospora (reviewed in Dunlap, 1999 servation did not reveal any morphological difference in
